Fetal tendons and skin heal regeneratively without scar formation. Cells isolated from these fetal tissues exhibit enhanced cellular migration and collagen production in comparison to cells from adult tissue. We determined whether fetal and adult fibroblasts isolated from the anterior cruciate ligament (ACL), a tissue that does not heal regeneratively, exhibit differences in cell migration rates and collagen elaboration. An in vitro migration assay showed fetal ACL fibroblasts migrated twice as fast as adult ACL fibroblasts at a rate of 38.90 ± 7.69 lm per hour compared with 18.88 ± 4.18 lm per hour, respectively. Quantification of Type I collagen elaboration by enzymelinked immunosorbent assay showed fetal ACL fibroblasts produced four times the amount of Type I collagen compared with adult ACL fibroblasts after 7 days in culture. We observed no differences in Type III collagen with time for adult or fetal ACL fibroblasts. Our findings indicate fetal ACL fibroblasts are intrinsically different from adult ACL fibroblasts, suggesting the healing potential of the ACL may be age-dependent.
Introduction
The ACL is one of four ligaments that stabilize the knee. It is a regularly oriented, dense connective tissue whose primary function is to prevent anterior displacement of the tibia in relation to the femur. Annually, one in 3,000 individuals in the United States rupture their ACLs with 75,000 to 100,000 of these patients seeking reconstructive surgery [12, 18] . The majority of active patients seek reconstructive surgery as a result of the inability of the ACL to heal after injury [22, 44] . In contrast, the medial collateral ligament (MCL), which is also a ligamentous structure of the knee, does not require surgical intervention and often heals with nonoperative treatment (ie, an external brace) [55, 57] . Combinations of factors including the nutritional environment provided by the synovial fluid and vascular supply, mechanical loading, and intrinsic properties of the ACL may contribute to the ligament's impaired healing response.
During the wound healing process, native tissue cells migrate to repopulate the site of injury and begin production of tissue-specific extracellular matrix (ECM) proteins [20, 42] . Studies comparing fibroblasts from the ACL and MCL suggest inferior wound healing properties of ACL fibroblasts. Specifically, fibroblasts migrating from MCL explants in vitro migrate faster in comparison to ACL fibroblasts [19, 25, 47] . Differences in migration rates and ECM gene expression and production between MCL and ACL fibroblasts have been confirmed in various species [4, 14, 15, 19, 25, 30, 37, 47, 53] . These observations support the premise that enhanced cellular properties contribute to greater healing capacity. The predominant ECM protein in the normal ACL is Type I collagen. During the ligamentous healing process, Type III collagen levels are higher early on and are replaced One or more of the authors have received funding from a Whitaker Foundation Graduate Fellowship (SSS) and National Institutes of Health Grant R21 AR051056 (SBN). Each author certifies that his or her institution has approved the animal protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. later by Type I collagen [2, 8, 24] . Scarlessly healing fetal tissues also have elevated levels of Type III collagen in comparison to adult tissues, suggesting specific collagen expression profiles associated with regenerative healing [11, 36, 51] . Although the secretion of Type I collagen is critical to restore tissue structure and function in the healing ACL, the presence of other collagens, such as Type III collagen, also may play a role in wound healing progression.
The rate of healing in rodents, monkeys, and humans decreases with age [6, 23, 48] . Early gestational incisional wounds of fetal skin are characterized by rapid, scarless wound repair. Fetal skin wounds at later gestational ages, however, heal with fibrosis and scarring. Subcutaneous transplantation of human fetal skin into adult athymic mice results in scarless healing with the wound site composed mainly of human fetal collagen [35] . These findings suggest fetal fibroblasts have intrinsic characteristics that influence scarless wound repair. Increased collagen synthesis and faster migration rates of fetal skin fibroblasts, in comparison to adults, are cellular properties believed to facilitate the fetal healing process [10, 11, 26] . Fetal tendon exhibits similar scarless healing characteristics as the dermis [7, 11, 33] . However, the healing response of all fetal tissues is not identical. Longaker and colleagues reported incisional wounds in the diaphragm of 100-day-old fetal lambs healed with scar formation [34] . Similarly, Meuli et al. observed dense fibrous intraabdominal adhesions in fetal and adult gastric wounds [40] . The variable regenerative capacity of fetal tissues suggests impaired healing of the ACL, which continues to be a challenge clinically, may be a function of maturation. Given intrinsic cellular properties govern the wound healing response, we presumed there would be age-dependent cellular characteristics of ACL fibroblasts.
We therefore hypothesized fetal ACL fibroblasts would exhibit increased migration rates and elaborate greater quantities of Types I and III collagen in comparison to adult ACL fibroblasts.
Materials and Methods
We conducted experiments on ACL fibroblasts harvested from the ACLs of six bovine limbs from six different animals (three adult and three fetal). The migration assay was performed on seven glass squares for each animal. Collagen quantification by an indirect enzyme-linked immunosorbent assay (ELISA) and DNA proliferation were conducted on three samples for each animal. Cellular response (migration rate, collagen production, or total DNA) was analyzed with respect to time and age (fetal verse adult). Data are presented as mean ± standard deviation. All statistical analyses were performed using Systat software (San Jose, CA).
We purchased all cell culture materials from Invitrogen (Carlsbad, CA) unless stated otherwise. The midportions of ACLs were isolated from skeletally mature 3-year-old adult and third-trimester fetal bovine hind limbs based on previous methods [25] . We harvested six ACL explants from six different animals; three adult and three fetal ligaments. Ligament specimens were minced into 0.5-cm 3 pieces, rinsed with phosphate-buffered saline (PBS), and cultured in 60-mm tissue culture-treated polystyrene (TCPS) dishes containing Dulbecco's Modified Eagle Medium (DMEM) supplemented with 20% fetal bovine serum (FBS) (Hyclone, Logan, UT), 1% sodium bicarbonate (0.075% solution), 10% fungizone/amphotericin B (25 lg/mL), and 1% penicillin (100 U/mL)-streptomycin (100 lg/mL). We used second-passage cells grown from three adult and three fetal explants to obtain adequate cell numbers for all subsequent studies.
An in vitro migration assay, as described by Stenn, was adapted to a glass surface [52] . In brief, glass squares were cut (1 cm 2 ) and etched with four parallel reference lines. We cleaned the squares by successive 5-minute treatments in hexane, acetone, ethanol, and sterile water followed by 5 minutes of sonication at room temperature. One, 1-mm wide silicone rubber strip (McMaster-Carr, New Brunswick, NJ) was placed perpendicular to the etched reference lines of each dry glass square ( Fig. 1A ). Individual glass squares were placed in a single well of 24-well plates. A total of 37.5 lL of a 10 6 cell/mL cell suspension was plated on each side of the vertical strip and allowed to adhere for 1 hour before flooding each well with DMEM containing 10% FBS and antibiotics. At 24 hours, we carefully removed the silicone strips, revealing a cell-free zone with confluent monolayers on each side ( Fig. 1B ). Wells were rinsed gently with PBS to remove cellular debris and the medium was replaced. Images of cells were captured (Axiovert 200 & Axiovision; Carl Zeiss, Thornwood, NY) and analyzed (Axiovision and KS300; Carl Zeiss) at 0, 1, 4, 8, 12, 16, and 24 hours to track migration during a 24-hour period. The etched reference lines ensured images were captured at uniform points along the migration width. The width of the cell-free zone was measured at each time using KS300 imaging software and compared with the initial width. The migration rate was calculated as the change in width divided by time. Seven glass square ACL fibroblast cultures were prepared for each of the six ligament explants (three adult and three fetal ligaments). A proliferation study was performed to parallel the time frame of the migration assay to determine if differences in migration were a result of greater proliferation rates by fetal ACL fibroblasts in comparison to adult ACL fibroblasts. Adult and fetal ACL cells grown from all isolated ACL explants were plated on six-well plates (10,000 cell/cm 2 ), four wells for each ACL explant, for 72 hours and maintained in DMEM containing 10% FBS and antibiotics. At 12-hour intervals, medium was aspirated and adherent cells were scraped in 1 mL of 1% Triton X solution in PBS (Roche Diagnostics Corporation, Indianapolis, IN). After two freeze-thaw cycles, total DNA was fluorescently quantified using a PicoGreen Assay (Invitrogen, Carlsbad, CA) [38, 50] . We performed an analysis of variance (ANOVA) with repeated measures on migration data to determine the effect of time and fibroblast age. An ANOVA was conducted on proliferation data to determine the effect of time and fibroblast age on total DNA. A Tukey post hoc test was performed on DNA production for pair-wise comparisons.
We used ELISAs to quantify Types I and III collagen produced by adult and fetal ACL fibroblasts. Secondpassage adult and fetal cells were cultured in monolayer on six-well plates (10,000 cells per/cm 2 ), three wells for each ACL explant, and maintained in DMEM containing 10% FBS and antibiotics. The medium in each well was changed every third day and supplemented with 25 lg/mL L-ascorbic acid. On Days 3 and 7, wells were rinsed with PBS, scraped with 300 lL 0.05 N acetic acid (pH 2.8), and stored at -20°C. Samples were thawed, centrifuged, and the acetic acid supernatant was collected for analysis in subsequent steps. The resulting pellet was resuspended in 500 lL mol/L guanidine hydrochloride (GuHCl) in 0.15 mol/L Tris-HCl (pH 7.5) and rotated for 16 hours at 4°C. Afterward, the GuHCl was removed, the pellet washed twice with 800 lL cold sterile water, and resuspended in 330 lL of 1 mg/mL of pepsin in 0.05 N acetic acid. Samples were rotated gently during the pepsin digestion at 4°C for 48 hours. Excess pepsin was neutralized by the addition of 30 lL of 10X Tris-buffered saline (1.0 mol/L Tris, 2 mol/L NaCl, 50 mmol/L CaCl 2 ) and 16.5 lL of NaOH to raise the pH to 8.0. Collected supernatants and pellet digests were plated in 96-well Nunc Maxisorp plates at a 1:1 ratio of sample to coating buffer (15 mmol/L Na 2 CO 3, 35 mmol/L NaHCO 3 , 3 mmol/L NaN 3 , pH 9.6) and incubated overnight at 4°C. The next day, wells were washed with 0.05% (v/v) Tween 20 in PBS and blocked with 2% BSA and 0.1% NaN 3 in PBS. Monoclonal antibody to Type I collagen (1:10,000; Sigma, St Louis, MO) or Type III collagen (1:3400; Chemicon, Temecula, CA), diluted in blocking solution, was applied to all wells and incubated overnight at 4°C. The next day, wells were washed and a peroxidase-based detection system using a biotinylated secondary antibody (antimouse IgG) (Vector Labs, Burlingame, CA), streptavidin-horseradish peroxidase (R&D Systems, Minneapolis, MN), and 3,3 0 ,5,5 0 -tetramethylbenzidine (Vector Labs) as the substrate chromogen were used. The peroxidase reaction was stopped with 1 N H 2 SO 4 . The absorbance was read at 450 nm using a microplate reader (Synergy HT Bio-Tek Instruments, Inc, Winooski, VT). Total collagen protein was determined from standard curves of bovine Types I and III collagen isolated from bovine placenta (Type I collagen, Rockland, Gilbertsville, PA; Type III collagen, Southern Biotech, Birmingham, AL). Total collagen values were normalized to DNA measured using the PicoGreen DNA assay. Experiments were performed in duplicate.
We performed an ANOVA on ELISA data to determine the effect of time and fibroblast age on total Types I and III collagen production. A Tukey post hoc test was performed on collagen production for pair-wise comparisons.
Results
After 16 hours, fetal ACL fibroblasts closed the cell-free zone by 67%, whereas adult ACL fibroblasts closed 32% of the cell-free zone (Fig. 2) . Fetal ACL fibroblasts migrated significantly faster (p = 0.003) than adult ACL fibroblasts (38.90 ± 7.69 lm/hour versus 18.88 ± 4.18 lm/hour, Fig. 1A-B (A) Cleaned glass squares (1 cm 2 ) were etched with parallel reference lines and a 1-mm wide silicone strip was placed perpendicular to the reference lines. Cells were seeded on both sides of the silicone. (B) On confluency at 24 hours, the silicone strip was removed, images were captured, and the width of the cell-free zone was analyzed to quantify cell migration. respectively) (Fig. 3A) . The same trend was observed on tissue culture polystyrene surfaces (TCPS) (data not shown). We observed an increase (p = 0.001) in fetal fibroblast DNA content compared to adult at 60 hours, but none at 12, 24, 36, 48 or 72 hours ( Fig. 3B) .
At Day 3, adult and fetal ACL fibroblasts produced similar (p = 1.00) amounts of Type I collagen (3.32 ± 1.30 lg/lg DNA versus 3.72 ± 0.89 lg/lg DNA) ( Fig. 4 ). However, after 7 days in culture, fetal ACL fibroblasts elaborated approximately four times the amount (p \ 0.001) of Type I collagen (93.12 ± 30.04 lg/lg DNA) when compared with adult ACL fibroblasts (22.59 ± 22.98 lg/lg DNA). Type III collagen levels were similar (p = 0.893) with time and age.
Discussion
The impaired healing capacity of the ACL limits clinical treatment options to surgical reconstruction for the majority of ACL injuries. Other mature fibrous tissues, such as tendon, heal with fibrotic scarring; however, at early gestational ages, these tissues heal scarlessly. It is possible the healing response of the ACL may not be inherently poor, but age-dependent. Scarless healing in fetal tissues, . Fetal ACL fibroblasts elaborated more (p \ 0.001) Type I collagen at 7 days in comparison to adult ACL fibroblast cultures and more (p \ 0.001) Type I collagen at Day 7 than Day 3. We observed no differences (p = 0.893) in Type III collagen production.
Volume 466, Number 12, December 2008 Fetal ACL Fibroblasts Properties 3133 such as skin and tendon, has been attributed to the intrinsic properties of fetal cells [17, 35] . Cell migration and extracellular matrix production are believed important cellular responses facilitating tissue repair. We therefore hypothesized fetal ACL fibroblasts would exhibit increased migration rates and elaborate greater quantities of Types I and III collagen in comparison to adult ACL fibroblasts. We note several limitations. First, the in vitro culture environment used in this study enabled us to elucidate agedependent cellular differences of ACL fibroblasts under well-defined conditions. However, whether these differences translate into an improved wound healing response in the fetus will require further evaluation in an in vivo animal model. Second, it is difficult to identify a homogeneous population of ACL fibroblasts in fetal and adult tissues. The embryonic development of synovial joints begins with the appearance of the interzone at the site of joint formation. The interzone, which consists of closely packed mesenchymal cells connected by gap junctions, gives rise to articular cartilage, ligaments, and the synovial lining of the joint [5, 45] . How these mesenchymal cells specifically differentiate into the ligamentous structures of the knee is still unknown. Because there are no published studies documenting specific markers for fetal or adult ACL fibroblasts, we were cautious to only isolate cells from the midsubstance of each ligament, avoiding the bony insertion sites. In addition, the ACL tissues we used were harvested from anatomically developed knees of cows and their fetuses. Third, the initial quantities of primary cells isolated were insufficient for our proposed studies; therefore, second passage cells were used for all reported experiments. Nagineni et al. investigated the effect of cell passage on in vitro behavior of ACL and MCL fibroblasts, and observed a greater growth rate at passage 2 versus passage 6, with no noticeable differences in protein composition until passage 3 [43] . Fourth, when assessing Types I and III collagen levels, we quantified elaborated collagen in the cell layer and did not measure soluble collagen in the culture media. We chose to only measure elaborated collagen as it is likely a better reflection of the secreted protein that would remain localized at the wound site.
The wound healing properties of the ACL often are compared with those of the MCL, which has the ability to heal without surgical intervention. In a rabbit knee injury model, ACL wounds healed poorly as evidenced by incomplete gap closure, decreased cellular infiltration into the site of injury, and reduced collagen synthesis in comparison to MCL wounds [56] . A subsequent investigation by Amiel et al. confirmed ACL fibroblasts were intrinsically different from MCL fibroblasts in that they exhibited slower migration rates from ligament explants and slower in vitro proliferation rates [4] . The extraarticular versus intraarticular environments of the MCL and ACL, respectively, are believed partially responsible for differences in the healing capacity between these two ligaments. Others cite the enhanced migration of MCL fibroblasts, in comparison to ACL fibroblasts, as an important cellular characteristic to explain the improved wound healing response to MCL injuries [14, 19, 25] . Our findings of enhanced cellular characteristics of fetal ACL fibroblasts in comparison to those of the adult tissue may suggest the intraarticular environment alone is not responsible for the impaired healing response of the ACL. Rather, these differences may be attributable to cellular changes that occur with maturation.
In our investigation, we evaluated the directional migratory activity of adult and fetal ACL fibroblasts in the absence of specific chemotactic factors, and confirmed our hypothesis that fetal ACL fibroblasts migrate at a faster rate than adult ACL fibroblasts. Similar to the MCL, the fetal ACL might possess the ability to regenerate functional tissue, a response absent in the adult ACL. To confirm the observed differences in migration were not the result of cell division, a proliferation study was conducted over a time consistent with that of the 48-hour migration study. At 60hours, there is a statistical difference in total DNA with age that appears resolved at 72-hours. Between 0 and 48-hours, however, adult and fetal ACL fibroblasts had similar proliferation profiles (Fig. 3B ). This result suggests there is an intrinsic difference in the motility of the two cell types for the duration of the migration assay, which is independent of cell division. An in vitro wound assay of second or third passage ACL and MCL fibroblasts conducted on TCPS revealed MCL fibroblasts migrated at approximately 25 lm/hour during a 48-hour period [43] . The average migration rate for adult ACL fibroblasts that we measured was lower than that reported for MCL fibroblasts. Furthermore, fetal ACL fibroblasts migrated at a rate comparable to fetal tenocytes isolated from lateral extensor tendons of sheep (35.76 ± 6.08 lm/hour) [9] , which heal regeneratively [7, 17] . Our findings also parallel those of a recent investigation comparing the motility and contractile ability of fetal and adult dermal fibroblasts [49] . Sandulache and colleagues reported elevated rates of migration and contractility in fetal fibroblasts despite external manipulations such as transitions from inert to bioactive substrates, two-dimensional to three-dimensional environments, and stimulating factors [49] . The robust motility profile of fetal fibroblasts may be the result of the presence of specific cell surface receptors. Cass et al. reported fetal and adult skin fibroblasts exhibit differential expression of the collagen-specific integrin receptors a1b1, a2b1, and a3b1 [13] . Differences in integrin receptor expression in fetal skin wounds might account for the rapid migration and reepithelialization of fetal wounds in comparison to adult wounds [41] . Further exploration into integrin expression and adhesion strength of fetal and adult ACL fibroblasts will help to determine plausible mechanisms by which fetal ACL fibroblasts migrate faster than adult ACL fibroblasts.
Ligament wound healing is characterized by three phases: an inflammatory phase, a reparative phase, and a remodeling phase. Collagen elaboration provides the structural framework for regenerating tissue, bridging ligament wound edges after injury. Type I collagen is the most abundant extracellular matrix component in the ACL and is important in all three stages of ligament healing [29] . In the absence of growth factors, collagen initiates the migration of human dermal fibroblasts, a cellular response necessary for effective cell infiltration into the injury site [28] . Extracellular collagen provides adhesion ligands for cell surface receptors, thereby allowing cell attachment and enhancing cell infiltration during the wound repair process. We hypothesized fetal ACL fibroblasts would elaborate greater amounts of Type I collagen in comparison to adult ACL fibroblasts. We found fetal ACL fibroblasts produced four times the amount of normalized Type I collagen as adult ACL fibroblasts after 7 days in culture. This decrease in collagen elaboration by ACL fibroblasts with age is consistent with results of Amiel et al. who reported collagen content and synthesis are agedependent [3] . A similar effect of age on collagen elaboration has been observed in other connective tissues such as tendon and skin [9, 54] . In an in vivo sheep skin injury model, Lovvorn et al. observed more rapid deposition of Type I collagen and greater collagen cross-linking in early gestational fetal skin wounds in comparison to adult skin, which correlated with scarless healing [36] . The proficiency of fetal ACL fibroblasts to secrete considerably more Type I collagen than adult ACL fibroblasts supports the notion that the healing potential of the ACL may vary with age. In other in vitro systems, Types I and III collagen gene expression were elevated in fetal fibroblasts compared with adult cells [9, 54] . However, Type III collagen elaboration in our studies did not follow this trend. There was no statistical difference in Type III collagen levels between adult and fetal cultures. This was surprising given reports of increased expression of Type III collagen in fetal tissues in comparison to those of adults [16, 21, 39, 54] . It is possible Type III collagen production in ACL fibroblasts is more sensitive to the culture environment, requiring additional soluble factors to stimulate protein production. For example, exposure of fetal dermal fibroblasts to transforming growth factor-b1 (TGF-b1) up-regulated Type III collagen gene expression whereas postnatal dermal fibroblasts showed no change [46] . The absence of factors, such as TGF-b1, in our in vitro system might explain why we were unable to detect noticeable differences in elaborated Type III collagen with age. We intend to expand on the current study by investigating the effects of growth factors and cytokines on fibroblast behavior.
With maturation, the regenerative healing capacity of fetal tissues diverges toward the reparative healing process observed in adults. The difference in the cellular response of fetal and adult ACL fibroblasts suggests the healing potential of ACL fibroblasts is not intrinsically poor, but rather may be age-dependent. The fetal ACL may behave similar to other fetal tissues, such as tendon, which heal scarlessly. Considerable progress has been made in determining the mechanisms involved in scarless repair. Characterization of the fetal environment has revealed a shift toward an anti-inflammatory cytokine expression profile with a concomitant reduction in the number of localized inflammatory cells [1, 27, 31, 32] . Furthermore, fetal cells themselves promote scarless healing even outside their native environment [17, 35] . Understanding the fetal environment and the cellular characteristics of fetal cells may lead to the discovery of specific factors (ie, soluble signaling molecules) that could be used in the clinical setting to improve wound repair.
